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Abstract 

Transport measurements provide important characterizations of the nature of stripe order in the cuprates. 
Initial studies of systems such as Lai.6-a;NdQ.4Sra;Cu04 demonstrated the strong anisotropy between in- 
plane and c-axis resistivities, but also suggested that stripe order results in a tendency towards insulating 
behavior within the planes at low temperature. More recent work on La2-a:Baa;Cu04 with a; = 1/8 has 
revealed the occurrence of quasi-two-dimensional superconductivity that onsets with spin-stripe order. The 
suppression of three-dimensional superconductivity indicates a frustration of the interlayer Josephson cou- 
pling, motivating a proposal that superconductivity and stripe order are intertwined in a pair-density-wave 
state. Complementary characterizations of the low-energy states near the Fermi level are provided by mea- 
surements of the Hall and Nernst effects, each revealing intriguing signatures of stripe correlations and 
ordering. We review and discuss this work. 



1. Introduction 

Two years after the 1986 discovery of high tem- 
perature superconductivity in the La-Ba-Cu-0 sys- 
tem by Bednorz and Miiller ^j, Moodenbaugh et 
al. [2] reported electrical resistance and mutual in- 
ductance measurements on a series of polycrys- 
talline La2-a;Baa;Cu04 (LBCO) samples showing 
that the superconducting transition temperature, 
Tc, exhibits two maxima as a function of doping, at 
X ~ 0.09 and 0.15, with a deep minimum [Tc < 5 K) 
at X 1/8, as shown in Fig.jlj This behavior is dif- 
ferent from that of La2_a;Sra;Cu04 (LSCO), where 
Tc shows a single maximum as a function of x, as 
demonstrated in Fig. [2]ja). The difference came as 
a surprise, especially since these compounds have 
the same average crystal structure, as indicated in 
Fig. [2jb). It was soon demonstrated that there 
is a subtle difference in the low-temperature crys- 
tal structure associated with the tilt pattern of the 
CuOg octahedra [3] . Investigations of other cuprate 
families that share the same low-temperature struc- 
ture as LBCO, such as Nd-doped and Eu-doped 
LSCO, found that they also exhibit a strong dip in 
Tc at a; « 1/8 ^{3- Eventually, neutron [5] and x- 
ray [9] diffraction studies of Lai.48Ndo.4Sro.i2Cu04 
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discovered that spin and charge stripe order are as- 
sociated with the minimum in the bulk T^. Sketches 
of the stripe order within a plane and the stacking 
pattern between planes are presented in Fig. [2]jc). 
More complete phase diagrams of stripe order and 
superconductivity have been established in recent 
studies of LBCO [10] and Lai s-^Euo 2Sra;Cu04 

(LEsco) yj]. 

What can the presence of stripe order tell 
us about the nature of superconductivity in the 
cuprates? The earliest predictions indicated that 
stripe order would be a state of insulating charac- 
ter that competes with superconductivity P^HTS] . 
Later analyses have indicated that pairing and su- 
perconductivity may be compatible, or even an es- 
sential component, of stripe correlations [I6H23] . 
while others have suggested that quantum fluctu- 
ations of stripes might provide the connection to 
superconductivity [211 US] . Transport studies can 
provide critical tests of these ideas. 

The remainder of this article is organized as fol- 
lows. In Sec. 2, we describe resistivity and ther- 
mopower studies, including some discussion of mea- 
surement technique. In Sec. 3 and 4, we cover Hall 
and Nernst effect studies, respectively. Transport 
studies under pressure are covered in Sec. 5. We 
end with a summary and further discussion. 

January 25, 2013 




X=l/8 



0.00 0.05 0.10 0.15 0.20 

COMPOailON x: La2-xBQxCu04 



025 



Figure 1: Tc vs. composition for La2-a;Baa;Cu04. Solid cir- 
cles represent Tc, and solid lines are drawn between Tc and 
the "bulk onset" ; dotted lines are drawn between bulk onset 
and highest onset. From Moodenbaugh et al. [2], © 1988 
American Physical Society. 



2. Resistivity and thermopower studies 

2.1. Early work 

Anomalies were observed in transport experi- 
ments prior to the discovery of stripe order. These 
effects are often associated with structural tran- 
sitions. For example, Adachi et al. 26 noticed 
that the in-plane resistivity, pab, and c-axis re- 
sistivity, pc, exhibit metallic and semiconducting 
behaviors, respectively, in LBCO with x = 0.11 
as shown in Fig. [Sj On cooling from room tem- 
perature, there is little change at Tj^i, the transi- 
tion from the high-temperature-tetragonal (HTT) 
phase to the low-temperature-orthorhombic (LTO) 
phase, but there are jumps and an increase in 
anisotropy at Td2, the transition from LTO to the 
low-temperature-tetragonal (LTT) phase. (For de- 
tails of these different structures, see the article by 
Hiicker [27J.) Similar effects were observed earlier 
in Lai.6-:ENdo.4Sr^Cu04 (LNSCO) with x ~ 1/8 
by Nakamura et al. [5]. The upturn in pab below 
Td2 in LNSCO was analyzed by Ichikawa et al. [28] 
in terms of a possible relationship to charge stripe 
order; however, as we will discuss below, this be- 
havior may not be intrinsic to the Cu02 planes. 

Rather distinct behavior is observed in measure- 
ments of the thermopower, S. The thermopower 
corresponds to the voltage difference AF across a 
sample divided by the applied temperature differ- 
ence AT. It is sensitive to the distribution of filled 
and empty states close to the Fermi level. In Fig.|4j 
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Figure 2: (a) A sketch of phase diagram of La2— i,Sr3;Cu04 
(LSCO) (outer line) and La2— i:Bai:Cu04 (LBCO) as a func- 
tion of (Sr,Ba)-doping level, x, showing the Tc anomaly at 
X = 1/8. (b) Crystal structure of a La2— a:(Sr,Ba)i;Cu04 unit 
cell, (c) Stacking of stripe planes (on left). On the right is 
shown a schematic view of a stripe-ordered ab-plane. The 
red arrows indicate spin order, while the white and black 
ovals represent the local charge density. 



we show a comparison between pab and the in-plane 
thermopower, Sabi for LBCO with x — 0.11 from 
Adachi et al. [26; . There is a large drop in Sab right 
at Td2, which we now know corresponds to the the 
onset of charge stripe order [10l[29]. When the ther- 
mopower drops, it actually shoots below zero, go- 
ing slightly negative. The drop in S is even seen in 
polycrystalline samples. Studies of LNSCO exhib- 
ited the same drop at Td2^ with the largest negative 
excursion occurring near a; = 1/8 |30j . In Eu-doped 
LSCO, Td2 occurs well above the charge-ordering 
temperature 11 , and the drop in S is clearly asso- 
ciated with the latter transition |30) . 

2.2. Evidence for coexisting superconductivity and 
stripe order 

The successful growth of single crystals of LBCO 
with a: = 1/8 [531 131] provided motivation to revisit 
transport properties associated with stripe order. 
Given that some of the results obtained appear to 
conflict with earlier work, it may be useful to go 
over some of the experimental details. 

For the transport measurements, two single crys- 
tals were cut side-by-side from a slab that exhibited 
a bulk diamagnetic transition at 4 K, with 100% 
magnetic shielding at lower temperatures [32] . One 
of the crystals, shown in Fig. [sf^a), was prepared 
with dimensions I — 7.5 mm, w = 2 mm, d — 0.3 
mm, by polishing along the crystallographic a-b 
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Figure 3: Temperature dependence of the in-plane (pab) S'lid 
out-of-plane (pc) electrical resistivities in the single-crystal 
La2_2,Baa;Cu04. From Adachi et al. [26], © (2001) Ameri- 
can Physical Society. 



plane. Confirmation that the pohshed surface was 
well-ahgned perpendicular to the (001) crystallo- 
graphic c axis was provided by x-ray difi^raction 
measurements, as shown in Fig.[5]^b). For the elec- 
trical resistivity and thcrmopower measurements, 
we used typical four-probe measurement configura- 
tions, as shown in Fig. [sjjc) and (d), respectively. 
In measuring pat, the current was applied paral- 
lel to the a-b plane [see Fig. [Sjc)] at the ends of a 
long sample in order to ensure uniform current flow. 
For the thermopower measurements a four-probe dc 
steady state method was utilized with a T gradient 
along the a-b plane at 1% of the average T across 
the crystal. Two gold-plated conducting pads were 
utilized to measure the potential and temperature 
difference due to the applied thermal gradient, as 
shown in Fig. [sjd). 

In order to reduce contact resistance between 
sample and leads, we applied a small amount of 
silver paint on the contact positions and cured for 
one hour at 100°C in flowing O2 gas to allow a 
layer of silver to diffuse into the crystal. After- 
wards, excess silver paint was removed, and the 
surfaces without contact pads were sometimes re- 
polished to avoid signal contributions from unin- 
tended directions. Gold contact wires are bonded 
to the pads by silver paint or silver epoxy. Subse- 
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Figure 4: Temperature dependence of (a) the in-plane elec- 
trical resistivity, p^b, (b) the in-plane thermoelectric power 
Sab in the single-crystal La2— a;Baa;Cu04 (x = 0.11). Dashed 
lines at 256 K and 53 K represent T^ji and T;j2, respectively. 
The inset of (b) shows a magnified plot of Sab below 50 K. 
Adapted from Adachi et al. j26 , © (2001) American Phys- 
ical Society. 



quently, the contact resistances were measured and 
shown to be generally lower than 0.5 fi, suggesting 
that a thin silver layer had diffused in the sam- 
ple. The transport properties were measured using 
the Resistivity and Thermal Transport Options of 
a Quantum Design Physical Property Measurement 
System (PPMS) or home made devices. 

As shown in Fig.|6ja), measurements of S^h were 
consistent with previous work, with the drop at 
Td2 = 54 K now conflrmed to coincide with the 
charge-ordering temperature, T^o [SHISSj- The re- 
sults for pab are a different story. Initial resistiv- 
ity measurements were done using the crystal pre- 
pared for thermopower, with voltage contacts on 
the top surface as indicated in Fig. [5jd). Those 
measurements indicated that the in-plane resistiv- 
ity started to decrease signiflcantly below 40 K, 
dropping more rapidly towards zero below 20 K. 
To further test this behavior, measurements of pab 
were repeated with the contact configuration shown 
in Fig. [5jc). [In practice, this was achieved by ex- 
tending the voltage contacts on the top surface, as 
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Figure 5; Systematics of sample preparation and cliaracter- 
ization: (a) Lai.875Bao.i25Cu04 sample was polished and 
aligned along its crystallographic a-b plane shown on a mil- 
limeter scale along with (b) an x-ray diffraction pattern of 
the same sample showing a high degree of alignment of the 
polished surface (a-b plane) prior to subsequent electrical 
and thermal transport studies on the same, the schematics 
of which are shown in (c) and (d), where ab plane transport 
properties were measured, respectively. 
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in Fig. [sjd), onto the side surface, effectively es- 
tablishing the contacts indicated in (c).] With this 
sample, a sharp drop in pab was observed at 40 K, as 
shown in Fig. |32) ; this transition corresponds 
to the onset of spin stripe order, Tgo [H]. When a 
magnetic field H± is applied perpendicular to the 
planes, the transition shifts to lower temperature, 
as occurs for a superconductor. The drop of \Sab\ 
towards zero tracks the drop in pab- 

The initial drop in pab is not mimicked in pc. 
Instead, the anisotropy ratio pd Pab shows a large 
increase below 40 K (in zero field), and remains 
large on further cooling, as indicated in Fig. [Tf^a). 
(It is this very large anisotropy that makes it dif- 
ficult to properly detect the behavior of pab when 
voltage contacts are positioned on an a6-face.) The 
strong anisotropy and the field-dependent change 
in Pab suggest the onset of quasi-two-dimensional 
superconductivity. Now, while Pab drops by an or- 
der of magnitude at 40 K, it remains finite, with 
the residual resistivity gradually decreasing with 
further cooling, as shown in Fig. [Tjjb). It ex- 
hibits the behavior expected for a 2D superconduc- 
tor at finite temperatures above the Berezinskii- 
Kosterlitz-Thouless (BKT) transition, where su- 
perconducting order is destroyed by phase fluctu- 
ations due to the unbinding of thermally-excited 
vortex-antivortex pairs [34, 35 . The lines through 
the data points in Fig. iTFb) correspond to fits to 



Figure 6: (a) Thermoelectric power versus temperature for 
several different magnetic fields (as labeled in(b)), applied 
along the c-axis. (b) In-plane resistivity vs temperature for 
the same magnetic fields as in (a). The vertical dashed line 
indicates T^o- From I32| . 

Pab{T) = pn ex-p{—b / Vi) , the form predicted by 
Halperin and Nelson [36], where pn stands for the 
normal state resistivity and t = (T/Tbkt) ^ 1- 

Confirmation of a BKT-like transition was 
provided by the temperature-dependent voltage- 
current (V-I) characteristics shown in Fig. [s] [32] • 
The V-I curves obey a power law of the form 
V JP with p = 3 just below the Tbkt identi- 
fied by Pab{T) and increasing with decreasing T. 
Such behavior is consistent with predictions for a 
2D superconductor [37] and for a stack of 2D su- 
perconductors [38]. Thus, the strong stripe order, 
with the stacking structure shown in Fig.[2][c), ap- 
pears to frustrate the interlayer Josephson coupling. 
A similar conclusion is indicated by optical conduc- 
tivity studies [511 SO] ■ Mean-field 2D superconduc- 
tivity sets in at together with the spin stripe 
order (Tgo), with the resistivity staying finite until 
phase order is established at Tbkt- 

A pair-density-wave (PDW) state with sinusoidal 
modulation of the superconducting pair wave func- 
tion, associated with stripe order, has been pro- 
posed 18, 41 in order to explain the frustration of 
the Josephson coupling. Some calculations have in- 
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Figure 7: (a) Ratio of pc to p^b vs. temperature in fields 
of 0, 1 T, and 3 T, as labeled in (b). Inset shows zero-field 
resistivity vs temperature; note that p^b reaches zero (within 
error) at 18 K, while pc does not reach zero until 10 K. (b) 
In-plane resistivity vs temperature on a semilog scale, for 
three different c-axis magnetic fields, as labeled. Inset shows 
Pc at zero field on a linear scale. From 32 . 



dicated that the PDW state has an energy slightly 
above the ground state [HJ , while others have 
provided support for the energetic stability of the 
PDW state [11 [23 ilSS] . 

Returning to the thermopower, Chang et al. [46| 
have demonstrated the similarity between measure- 
ments in stripe-ordered samples and YBa2Cu306.67 
in fJ,oH± = 28 T. They have argued that the neg- 
ative sign of the thermopower at low temperature, 
together with the observation of quantum oscilla- 
tions in YBCO [13 HI], indicates the presence of 
antinodal electron pockets resulting from Fermi sur- 
face reconstruction. In the case of LBCO x — 1/8, 
however, where the negative thermopower occurs 
at zero field, angle-resolved photoemission measure- 
ments [IS] indicate the presence of a substantial gap 
for the antinodal states, so that it seems unlikely 
that such states contribute directly to the negative 
thermopower [SO]. Alternatively, Wen et al. [ST] 
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Figure 8: Log-log plot of in-plane V vs. T at temperatures 
from 20 to 10 K. Each curve is labeled by T in K. Dashed 
lines are approximate fits to the slopes at low current; slope= 
p. Inset: plot of p vs. T. Dashed line indicates that p crosses 
3 at T = 15.6 K. From [32]. 



have argued that the asymmetry of the antinodal 
states about the Fermi level in the normal state may 
be responsible for the large positive value of Sab] the 
development of a PDW gap symmetric about Ep in 
the antinodal region [52] might eliminate that large 
positive contribution, leaving behind a residual neg- 
ative Sab due to ungapped nodal-arc states. 

If we consider the behavior of LBCO a; = 1/8 as 
a function of H± as well as temperature, we obtain 
the phase diagram shown in Fig. [9] Contrary to 
theoretical expectations j53j, the regime of 2D-like 
superconducting order remains stable in the mixed 
state. While theory [3S] indicates that the 2D-like 
superconductivity can occur in a layered supercon- 
ductor for zero field, it is unclear whether the sta- 
bility in the mixed phase can be explained. 

One might expect the frustrated Josephson cou- 
pling and 2D-like superconductivity to be re- 
stricted to the X — 1/8 phase, together with the 
strong stripe order; however, measurements of the 
anisotropic resistivity in LBCO with x = 0.095 in- 
dicate that similar behavior can be induced at finite 
H± 1ST] Uni ■ This sample is a good bulk supercon- 
ductor with Tc — 32 K in zero field. As shown in 
Fig. 10 application of a modest H± causes the re- 
sistivity perpendicular to the layers, to grow 
rapidly, whereas the resistivity parallel to the lay- 
ers, remains negligible up to much higher fields. 
There is a substantial regime of field and temper- 
ature in which p± is quite large, indicating frus- 
tration of the Josephson coupling, while supercon- 
ductivity appears to survive parallel to the layers. 
Neutron and x-ray diffraction measurements show 
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Figure 9: Phase diagram of LBCO a; = 1/8 as a function 
of perpendicular magnetic field and temperaure. The small 
regime of 3D superconductivity below 5 K is not shown. 
Adapted from [3^ 1541155] . 



that the spin and charge stripe orders are weak in 
zero field, but both are significantly enhanced by 
HoH± on the scale of 10 T 1531. 

2.3. Related work 

The unusual layer decoupling is not limited to 
the LBCO system. Ding et al. ^57j have observed 
strongly anisotropic diamagnetism above the bulk 
Tc in Lai e_j.Ndo.4Sr3;Cu04, especially for x — 0.15, 
similar to what has been reported for LBCO x — 
1/8 [33], although the impact on the anisotropic re- 
sistivity is much more subtle [581. A different sort 
of resistive anisotropy has been reported by Xiang 
et al. |59j for Lai g_2.Ndo.4Sr2,Cu04 crystals with x 
ranging from 0.10 to 0.18. Measuring magnetoresis- 
tance along the c axis with the field applied parallel 
to the planes they observe, for temperatures 

below the onset of superconductivity, a four-fold 
oscillation of the magnetoresistance as the direc- 
tion is rotated within the a-b plane. They have 
interpreted this effect as evidence for stripe-phase- 
induced vortex pinning. 

Ando et al. [60j observed two-fold anisotropy 
of the in-plane resistivity for certain orthorhom- 
bic cuprates. In particular, this was observed 
at low temperature in detwinned crystals of 
La2_xSr^Cu04 with x = 0.02-0.04, which is the 
doping range for which uniaxially-oriented diagonal 
spin stripes have been detected by neutron scat- 
tering |6TJ [62 • In detwinned YBa2Cu306+K, an 
in-plane resistive anisotropy that grows at low tem- 
perature for x < 0.5 was also attributed to stripe 
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Figure 10: Resistivities vs temperature for a range of mag- 
netic fields, corresponding to the configurations: (a) p± in 
H±; (b) px in^^y; (c) P|| in H±; (d) py in . The values of 
fJ-oH, ranging from 9 T (red) to T (violet), are indicated by 
values and arrow in (c). The orientations of the measuring 
current, I, and the magnetic field are indicated in the insets, 
(e) Phase diagram for indicating anisotropic boundaries 
for the onset of finite resistivity; dashed line (black) indi- 
cates where p± is maximum at high field, (f) Similar phase 
diagram for Hu. From |56l . 



correlations 60 ; it turns out that this corresponds 
to the regime in which neutron scattering studies 
indicate nematic behavior |63j . 

To probe the charge and spin correlations at even 
lower doping, Ando and coworkers |64| applied a 
field H± to La2_2,Sr2.Cu04 with x = 0.01 and stud- 
ied the in-plane magnetoresistance. They observed 
a negative magnetoresistance that grew rapidly on 
cooling, especially below ~ 30 K, where neutron 
scattering in zero field has provided evidence for 
diagonal spin-stripe freezing [65] • Based on the de- 
crease in pab in /io^_L ~ 14 T, it was argued that 
the applied field induced a shift from antiphase to 
in-phase magnetic domain walls, resulting in an en- 
hancement of the conductivity [64]. In a related 
experiment, Lavrov et al. j66| attempted to in- 
duce sliding of stripes in patterned thin films of 
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La2-xSra;Cu04 with x — 0.01 and x = 0.06 by 
applying a strong electric field. They concluded 
that the nonlinear effects found at high electric 
fields were due to sample heating. Similarly, nonlin- 
ear transport effects reported [ST] in stripe-ordered 
La2-a;Sra;Ni04 were later demonstrated to be due 
to sample heating 

3. Hall Effect 

The Hall effect provides complementary informa- 
tion about the charge carriers. To measure it one 
applies a current along a sample axis denoted as 
X and measures the transverse voltage Vy that de- 
velops in the y direction in the presence of a mag- 
netic field Bz applied along the z axis. The trans- 
verse resistance corresponds to Rxy — Vy/Ix, while 
the Hall coefficient is defined as Rh = Rxy{d/ B^), 
where d is the sample thickness in the z direction. 
For a simple one-band model, R^ = — 1/ne, where 
n is the carrier density and e is the charge of an 
electron. The asymmetry provided by the orthog- 
onal magnetic field makes Rh sensitive to the sign 
of the dominant charge carriers. 

Measurements of Rh in La2_j,_a;NdySr^Cu04 
with y = 0.4 and 0.6 revealed a drop at the tran- 
sition to the LTT phase and a decrease towards 
zero on further cooling for samples with x < 0.13 
[5l|69], as illustrated in Fig. 11 After the discovery 
of stripe order in the LTT phase the effect was 
initially interpreted as evidence for one-dimensional 
(ID) transport, based on the idea that constrain- 
ing carriers to ID motion along charge stripes, at 
least for stripes running in the longitudinal direc- 
tion, would reduce the density of carriers that could 
contribute to the Hall voltage |69j . (A measurement 
of Rh{T) in Lai.64Euo.2Sro.i6Cu04 [TO], where Tco 
and Td2 are well separated [TT], confirms that the 
drop in Rh is associated with the onset of charge- 
stripe order.) It was soon pointed out by theorists 
that, rather than transverse localization, one should 
consider the character of the charge carriers result- 
ing from stripe formation, with the possibility of 
particle- hole symmetry within the stripes |71L I72j . 
With the discovery of layer decoupling, one can 
now ask the question of what effect PDW order [20] 
might have on the Hall effect. This has yet to be 
answered. 

In studying LBCO x = 0.11, Adachi et at [33] 
found that Rh not only decreases in the LTT phase, 
but it goes negative below ~ 25 K. As shown in 
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Figure 11: Temperature dependence of the Hall coefficient 
for X = 0.12 (closed circles) and x = 0.20 (open circles) 
measured with magnetic field {B = 5T) parallel to the c axis 
and the current along the a-b plane. The arrow indicates the 
LTO -5- LTT transition. From Nakamura et al. [5], © (1992) 
American Physical Society. 



resistance measured in underdoped YBCO in large 
shows similar behavior. Quantum oscillations 
were observed in various transport properties for 
T < 5 K as a function oi H± [HI HI] , and the neg- 
ative sign of Rxy was taken as evidence that the 
oscillations are from electron-like pockets. Calcula- 
tions of Fermi surface reconstruction due to field- 
induced stripe order [71] have indicated that elec- 
tron pockets would occur in the antinodal region of 
reciprocal space [III [76] . It is interesting to note 
that Adachi et al. [77] have recently done further 
studies on LBCO, and find that for x = 1/8, Rh 
drops monotonically towards zero at low tempera- 
ture, without any significant negative excursion. 



4. Nernst Effect 

The Nernst effect is essentially a thermal ver- 
sion of the Hall effect. Rather than applying a 
current, one applies a thermal gradient, — V^jT, 
along the x direction and measures the transverse 
electric field, Ey, in the presence of a magnetic 
field, Bz- The Nernst coefficient is defined as 
i/jY = Ey/{\\7xT\Bz)- As discussed by Wang et al. 
[78] [79] , the Nernst coefficient can be expressed as 



Fig. 12 LeBoeuf et al. showed that the Hall 
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Figure 12: Hall resistance Rxy versus T, normalized at 60 K, 
for LBCO at p = 0.11 {x = 0.11; black circles from ref. [26]) 
and YBCO at p = 0.10. The data on YBCO were obtained 
on two different Y123-II samples (with y = 6.51), one mea- 
sured in a continuous temperature sweep at a constant field 
of 45 T (at the National High Magnetic Field Laboratory 
at Tallahassee, Florida; blue curve) and the other measured 
via field sweeps up to 61 T (at the Laboratoire National des 
Champs Magntiques Pulss at Toulouse, France; red circles, 
taken at 55 T). From LcBoeuf et al. |47| . 



where axy is the off-diagonal Peltier conductivity 
(ratio of the transverse current density induced by 
a temperature gradient in zero field), a is the lon- 
gitudinal conductivity, S is the longitudinal ther- 
mopower, and tan(0) = Pxy/Pxx- The two contri- 
butions tend to cancel out from normal processes, 
which makes vn sensitive to contributions to axy 
from superconducting fluctuations, such as vortex 
motion [78H8T] . 

Xu et al. 82; demonstrated that an anomalously 
large and positive contribution to vn extends far 
above within the pseudogap phase of under- 
doped La2_2:Sra;Cu04. As this signal continuously 
evolves into the vortex-induced response that peaks 
below Tc and has been observed in a number of 
cupratc families, it was identified as evidence for 
superconducting fluctuations in the normal state 
[THllinilHSllHS]- Recently, Cyr-Choiniere et al. ^ 
performed Nernst measurements on Nd- and Eu- 
doped LSCO crystals, finding an onset of a sig- 
nificant positive contribution to vn that appears 
to onset close to the nominal charge stripe order- 
ing temperature; they attributed it to the impact 
of stripe ordering on the normal-state quasipar- 
ticles. An anisotropic response measured in de- 
twinned crystals of YBa2Cu306-i-£!; has been at- 
tributed to nematic ordering above |85j . The 
experimental work has stimulated theoretical evalu- 



ations of Nernst signal from superconducting fluctu- 
ations [86l [87] , from quasiparticle response to den- 
sity wave order [88l [89], and from superconduct- 
ing fluctuations associated with stripe correlations 
[50] . Further experimental studies of Nd-doped [HI] 
and Eu-doped [SO^ LSCO suggest distinct signa- 
tures from both superconducting fluctuations and 
stripe order. Li et al. [92] have presented measure- 
ments of weak diamagnetism in the normal state 
that parallel Nernst results and provide evidence of 
superconducting fluctuations. 

One expects the Nernst response to be antisym- 
metric in the magnetic field. Recently, in a Nernst- 
effect study of LBCO with x = 1/8, Li et al. [93] 
discovered a significant Nernst signal that is even 
in the field and appears below Tco, reaching a max- 
imum near Tbkt- The fact that the signal is even 
in B suggests that time-reversal symmetry is vio- 
lated. This behavior might be associated with the 
proposed PDW state [20] , 

5. Pressure and strain studies 

The transition to the LTT phase, Td2, is sensi- 
tive to pressure, decreasing towards zero at pres- 
sures on the order of a few GPa As the 
lattice distortions of the LTT phase seem to be im- 
portant for pinning stripe order, which, in turn, 
can frustrate the interlayer Josephson coupling |32j , 
one might expect that pressure would have a sub- 
stantial impact on the bulk T^.. Indeed, early re- 
sistivity measurements of polycrystalline samples 
of LBCO by Ido et al. ^7} indicated that pres- 
sure of 2 GPa causes a large increase of Tc for 
X close to 1/8; however, the increase was much 
smaller for x — 1/8. Katano et al. ^94j found sim- 
ilar behavior for x = 1/8. Hiicker et al. [HS] con- 
firmed this behavior with high-pressure magnetic- 
susceptibility measurements on a single crystal of 
LBCO X = 1/8. They also found that the charge 
stripe order at this composition was not destroyed 
even when the octahedral tilt order was driven to 
zero. Crawford et al. [SS] found intermediate behav- 
ior in Lai.48Ndo.4Sro.i2Cu04, with Tc rising with 
pressure to a maximum of 22 K at 5 GPa, right 
where the octahedral tilt order goes to zero in that 
sample. 

In this context, the results of Arumugam et 



shown in Fig. 13 for a single crystal of 



Lai.48Ndo.4Sro.i2Cu04, come as a surprise. Rather 
than hydrostatic pressure, they applied pressure 
along an in-plane direction, which clearly causes 
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Figure 13: (a) Temperature dependence of the in-plane resis- 
tivity for Lai.4gNdo.4Sro.i2Cu04 under various hydrostatic 
pressures, (b) The Hall coefficient plotted as a function of 
T at various hydrostatic pressures. From Arumugan et al. 
[98], © (2002) American Physical Society. 



a rise in Tc comparable to that found by Craw- 
ford et al. |95j, but with only 10% of the pres- 
sure. Concomitantly, there is a decrease in the 
temperature at which Rh drops, suggesting a 
decrease in the charge-stripe ordering tempera- 
ture. (The dependence of Rh on temperature 
and hydrostatic pressure has also been reported 
for polycrystalline LBCO [Ml IMj-) The situa- 
tion is clarified to some extent by strain studies 
of Takeshita et al. [7D] . They worked with crystals 
of Lai.64Euo.2Sro.i6Cu04, applying uniaxial strain 
in various crystallographic directions and monitor- 
ing Tc with magnetic susceptibility. They observed 
that the fastest rise in Tc occurred with strain along 
a direction at 45° to the Cu-0 bond directions, dis- 
torting the crystal away from tetragonal symmetry. 
In contrast, strain along the c axis caused a small 
decrease in T„. 



6. Summary and Discussion 

Transport studies provide crucial characteriza- 
tions that illuminate the nature of stripe-ordered 
cuprates. The in-plane resistivity tends to re- 
main metallic below T^q. This is consistent with 
the concept that conductivity is due to nodal-arc 
states, which are not directly impacted by stripe 
order. In contrast, there are large changes in the 
thermopower. Hall effect, and Nernst effect be- 
low Tco- There is some controversy over the in- 
terpretation of these effects. They are often dis- 
cussed in terms of reconstruction of the Fermi sur- 
face due to stripe order [13 [751 [ID- In the case 
of YBa2Cu306+a;, the effects are observed at high 
field [ISlIlT], in which case one cannot check the na- 
ture of the Fermi surface with angle-resolved pho- 
toemission spectroscopy (ARPES). In the case of 
LBCO, however, where stripe order is present in 
zero field, ARPES measurements have been done 
[49l llOlj . The only states detected near Ep are 
along the nodal arc, as the antinodal states remain 
gapped both below and above T^o. While stripe 
order should certainly modify the nominal Fermi 
surface, the empirical fact that the antinodal states 
are gapped means that the impact of stripe order 
is not readily detected by ARPES. The onset of a 
coherent antinodal gap below T^o associated with 
PDW superconductivity [501 [S2] provides another 
possible mechanism for changes in the thermopower 
and Hall effect [51] . The onset of a field-symmetric 
Nernst signal in LBCO x = 1/8 [93| provides a new 
mystery, although a polar Kerr effect study pro- 
vides supporting evidence for time-reversal symme- 
try breaking }102| . 

Daou et al. |103| have observed anomalous up- 
turns in pab and Rh at low temperature (with a 
strong H± suppressing the superconductivity) in 
LNSCO with X = 0.20, but not with x = 0.24. 
Related behavior has been reported for LESCO 
[104j . These results, as well as anomalies in the 
thermopower |105| . have been interpreted as evi- 
dence for a quantum critical point associated with 
the disappearance of stripe order |103l . Somewhat 
different behavior has been observed by Balakirev 
et al. in LSCO |106| and in Bi2Sr2-2:Laa;Cu06+5 
(BSLCO) |107) . In both cases, it was reported, 
based on measurements in a strong H± , that 1 /Rh 
(rather than Rh) shows an anomalous upturn at 
low temperature for a doping level of ~ 0.175 in 
LSCO and ~ 0.15 in BSLCO. Of course, Tallon 
and Loram |108j had earlier argued for a universal 
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critical point at a doping level p = 0.19, based on a 
variety of measurements. They associated this crit- 
ical point with the termination of the pseudogap. 
It may be worth noting that Fukuzumi et al. [109) 
have provided evidence in LSCO for a crossover 
in the effective carrier density, from being propor- 
tional to X for X < 0.15 to being proportional to 
1 — X ioi X > 0.2, with related behavior in YBCO. 
This crossover roughly coincides with the change 
in shape of the nominal Fermi surface due to the 
doping-induced shift in the chemical potential, as 
detected in LSCO by ARPES [TTU] . 
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